We present a novel n-type InGaAs quantum-well metal-oxide-semiconductor field-effect transistor (QW-MOSFET) fabricated by a self-aligned gate-last process and investigate relevant Si-like manufacturing issues in future III-V MOSFETs. The device structure features a composite InP/ Al 2 O 3 gate barrier with a capacitance equivalent thickness (CET) of 3 nm and non alloyed Mo ohmic contacts. We have found that RIE introduces significant damage to the intrinsic device resulting in poor current drive and subthreshold swing. The effect is largely removed through a thermal annealing step. Thermally annealed QW-MOSFETs exhibit a subthreshold swing of 95 mV/dec, indicative of excellent interfacial characteristics. The peak mobility of the MOSFET is 2780 cm 2 V À1 s À1 . # 2012 The Japan Society of Applied Physics I nAs-rich InGaAs is a promising candidate as a channel material for future high-performance complementary metal-oxide-semiconductor (CMOS) applications because of its superior electron transport properties. Studies on high-electron-mobility transistors (HEMTs) have demonstrated that excellent logic characteristics, such as current drive, subthreshold swing, and drain-induced barrier lowering (DIBL), can be obtained from thin-channel devices.
I
nAs-rich InGaAs is a promising candidate as a channel material for future high-performance complementary metal-oxide-semiconductor (CMOS) applications because of its superior electron transport properties. Studies on high-electron-mobility transistors (HEMTs) have demonstrated that excellent logic characteristics, such as current drive, subthreshold swing, and drain-induced barrier lowering (DIBL), can be obtained from thin-channel devices. [1] [2] [3] [4] Deeply scaled InGaAs HEMTs have also shown greatly improved electron injection velocity with respect to Si metaloxide-semiconductor field-effect transistors (MOSFETs) at a much reduced voltage. 5, 6) Significant progress has recently been made on gate dielectric integration, transistor architecture, and process innovation in InGaAs MOSFETs. [7] [8] [9] [10] [11] [12] Recently, InGaAs-based quantum-well MOSFETs (QWMOSFETs) on silicon substrate have been demonstrated. 13) However, all these devices have been fabricated through a non scalable and non-manufacturable HEMT-like fabrication process that yields a large source-drain (S/D) contact separation on the order of 1.5 to 2 m and is based on liftoff of metals that are not compatible with Si processing. In a future high-density III-V CMOS technology, it is imperative to utilize self-aligned device architectures involving highly anisotropic etching and Si-compatible metals. In this regard, RIE damage is a serious concern. There are reports of RIE damage of III-V heterostructures caused by fluorine, oxygen, and hydrogen. [14] [15] [16] [17] [18] However, RIE damage to a III-V MOSFET is a topic that has so far received little attention in the emerging field of III-V CMOS. In this work, we demonstrate a self-aligned InGaAs QW-MOSFET architecture utilizing a lift-off free gate-last front-end process that utilizes Si-CMOS-process-compatible metals. We show that reactive ion etching (RIE) damage is indeed severe, but that to a great degree, it can be removed by a low-temperature annealing process. Figure 1 shows a schematic diagram of the QW-MOSFET structure. This device architecture leverages a self-aligned process developed for high-frequency InGaAs HEMTs. 9, 19, 20) In essence, this is a gate-last process in which the gate is nested in a self-aligned way in a recess fabricated in the ohmic contact structure.
The Device fabrication begins with a blanket evaporation of 50 nm of Mo. After mesa isolation, a 60 nm plasmaenhanced chemical vapor deposition (PECVD) SiO 2 layer is deposited. Following gate foot photolithography, the SiO 2 is etched with CF 4 -based RIE. 19) The Mo is etched vertically in a process adapted from a W etch recipe. 19) This is an anisotropic SF 6 -based RIE process step with a DC bias of À50 V and RF power of 250 W. The etchstop is monitored in real time. The total etch time is 180 s including at least 30% overetching. Then, the Mo is pulled back from the edges of the SiO 2 using time-controlled isotropic plasma etching with O 2 /CF 4 (O 2 : CF 4 ¼ 4 : 1). The conditions of this etch are 300 W RF power and zero DC bias. 19, 20) This etching is selective to InGaAs and SiO 2 and results in less than 100 nm side recess of the Mo for an etch time of 120 s. At this point, a 15 min, 340 C anneal in Nitrogen is performed to eliminate RIE damage. The InGaAs cap is subsequently etched using citric acid/H 2 O 2 . This results in a small undercut beneath the Mo. The total length, L side , from the edge of the gate to the edge of the cap is 100 nm. A short ashing step is introduced to remove residual surface particles. Diluted H 2 SO 4 is used as the pregate dielectric deposition cleaning process. At this point, the InP barrier is exposed and is slightly thinned. Following this, a 4 nm Al 2 O 3 layer is deposited using atomic layer deposition (ALD) at 250 C with trimethyl aluminum (TMA) and H 2 O as precursors. The conformal Al 2 O 3 also passivates the exposed surface of the air spacers and minimizes parasitic resistance. Immediately after ALD, the Mo gate electrode is evaporated, followed by RIE patterning. In our process, the use of Mo as gate metal has several advantages: Mo is a CMOS-compatible material, it allows top-down patterning through RIE, and has a suitable workfunction. These are all essential features for VLSI processing and ALD dielectric integration. Figure 2 shows output characteristics of a 2-m-gate length self-aligned QW-MOSFET without (dashed) and with (solid) the 340 C RIE damage annealing. It is clear that Mo RIE introduces severe damage to the device (the Mo layer shields the semiconductor structure during SiO 2 RIE).
The transfer characteristics of the QW-MOSFET are shown in Fig. 3(a) . For devices with RIE damage annealing, the peak transconductance is 205 S/m at V ds ¼ 0:5 V. V t-sat is À37 mV (V t-sat is defined at V d ¼ 0:5 V and at 1 A/m). This is close to the enhancement-mode operation required for CMOS logic application. The subthreshold and gate leakage characteristics are shown in Fig. 3(b) . The subthreshold swing (S) improved from 300 mV/dec without RIE damage annealing to 95 mV/dec. A very low gate leakage current density (J g ) of 1:1 Â 10 À4 A/cm 2 at 1 V gate overdrive is also achieved. These results suggest not only a high-quality gate stack, but also that the self-aligned device structure has excellent isolation between S/D and gate in spite of their close proximity.
The capacitance equivalent oxide thickness (CET) for the composite InP/Al 2 O 3 gate barrier is estimated to be 3 nm. The capacitance-voltage (C-V ) characteristics at 1 and 100 kHz are shown in Fig. 4(a) , where the capacitance is measured between the gate and S/D. Significant frequency dispersion appears in the sample without annealing. The CET is 3 nm for the annealed devices. Figure 4(b) shows channel mobility before and after annealing. While the RIE damage does not affect significantly the mobility at high carrier density, presumably because the damage-induced charges are screened, the effect is significant at low density. This is consistent with the observation of frequency dispersion in the same region of C-V curves [ Fig. 4(a) ] and the significant impact on the ON resistance, which is evident in Fig. 2 . The peak mobility is 2780 cm 2 V À1 s À1 , which compares well with the results reported by other authors in similar non-reactive-ion-etched buried-channel structures. 21) The total source resistance (R s ) measured by the R ch -L g extrapolation method is 260 m. Using separate TLM structures, we have decomposed this into its three main components. The largest one is the Mo lateral resistance, which contributes 120 m. This arises from the relatively high resistivity of E-beam-evaporated Mo, 22) in our case, exhibiting a sheet resistance of about 25 /Ã. A solution to this is the use of a less-resistive metal, such as sputtered W. 19) The next most significant component of R s is the access resistance associated with the air spacer of length L side , which is estimated to be 100 m. The access resistance can be further mitigated by reducing L side and by higher inverted doping. Finally, the vertical resistance between the Mo cap and the channel is estimated to be 50 m. This is substantially smaller than in a conventional HEMT.
19) It can be further reduced through cap design optimization. The sum of these three components is in good agreement with the R s determined by the R ch -L g extrapolation method.
The incorporation of fluorine and oxygen in these types of heterostructures is known to cause reductions in carrier concentration and mobility, [14] [15] [16] presumably as a result of ion incorporation that results in dopant passivation and increased scattering. Our work shows that RIE also severely impacts the subthreshold characteristics, suggesting additional interface damage. Its detailed nature is unknown. Fortunately, a relatively benign thermal step is effective in mitigating this damage.
In summary, a novel n-type InGaAs QW-MOSFET is fabricated via a gate-last process. The QW-MOSFET features a self-aligned Mo contact and a composite InP/Al 2 O 3 gate barrier, and Mo gate metal. The frontend process is entirely lift-off free. RIE-induced damage is observed but largely annealed through a pregate thermal treatment. The QW-MOSFET exhibits excellent subthreshold behavior, mobility, and parasitic resistance characteristics. The demonstrated self-aligned device architecture offers the potential of scaling to very small dimensions.
